Cyclodextrins are torus shaped cyclic oligoamyloses, with the size of the interior cavity determined by the number of repeating amylose units. The ability of cyclodextrins to form host-guest complexes with hydrophobic guests occurs as a result of their hydrophobic interiors, whereas their relatively hydrophilic exteriors enable them to be used in mostly aqueous environments.^[@R1]^ Once host-guest complexes form, the guests can undergo cyclodextrin-mediated catalysis;^[@R2]^ such catalysis has been reported for sigmatropic rearrangements,^[@R3]^ for Diels-Alder reactions,^[@R4]^ and for a variety of other organic transformations.^[@R5]^ Cyclodextrins have also been used for a number of applications based on their ability to form host-guest complexes, including the solubilization of pharmaceutically active compounds,^[@R6]^ the extraction of polycyclic aromatic hydrocarbons (PAHs) from contaminated sediments,^[@R7]^ soil,^[@R8]^ and water,^[@R9]^ and the promotion of proximity-induced energy transfer.^[@R10]^

Previous research in our group has focused on the development of cyclodextrin-based systems for the detection of a wide variety of aromatic toxicants in multiple complex environments via cyclodextrin-promoted energy transfer from the toxicants to high quantum yield fluorophores.^[@R11]^ We have also reported the ability of cyclodextrins to extract aromatic toxicants, in particular PAHs, from complex oils, including motor oil, vegetable oil, and vacuum pump oil, as well as oil collected directly from an oil spill site.^[@R12]^ This dual function system of extraction followed by detection has significant applications in oil spill remediation efforts.

Much of the toxicity of PAHs is related to their highly planar structures, which enable the PAHs to intercalate in DNA and form covalent, carcinogenic adducts.^[@R13]^ Converting the PAHs to non-planar products using chemical transformations disrupts this facile intercalation and limits their ability to form carcinogenic adducts. Reported herein is the ability of cyclodextrins to promote such transformations for one PAH, 9-anthracenemethanol (compound **1**), via its Diels-Alder reactions with *N*-substituted maleimides. Mechanistic investigations demonstrate that the rate enhancements achieved in the presence of cyclodextrin rely on cyclodextrin-induced activation of the maleimide double bond via binding of the hydrophobic substituents to promote the reaction and achieve substantial rate accelerations.

The conversion of compound **1** to its corresponding Diels Alder adduct **3** was calculated after various time intervals under standard reaction conditions (5 mM aqueous cyclodextrin, 40 °C) ([Equation 1](#F9){ref-type="fig"}). The percent conversion of each reaction was calculated based on the following equation: $$\%\text{Conversion} = \lbrack(\text{Integration\ of\ the\ product\ peak}/((\text{Integration\ of\ the\ product\ peak}) + (\text{Integration\ of\ the\ starting\ material\ peak})/3)\rbrack \times 100\%$$

The starting material NMR peak used in this equation corresponds to 3 aromatic protons of the 9-anthracenemethanol and the product peak used for this equation corresponds to 1 proton at the bridgehead of the Diels-Alder adduct **3** ([Figure 1](#F1){ref-type="fig"}). The integration of the NMR peaks were the relative areas under the curve measured against a calibrated internal standard corresponding to the residual CHCl~3~ peak at 7.26 ppm.

Methyl-β-cyclodextrin yielded the highest percent conversion to product for any of the various reactions studied (94% for the conversion of **2a** to **3a** after 24 hours, compared to 65% for the cyclodextrin-free reaction under analogous conditions) ([Figure 2](#F2){ref-type="fig"}). The beneficial effect of methyl-β-cyclodextrin (as well as all of the cyclodextrin derivatives) diminished for the less bulky maleimides. For example, the conversion of **2d** to **3d** in the presence of methyl-β-cyclodextrin was 26% after 24 hours, compared to 24% conversion in the cyclodextrin-free solution under analogous conditions. The dependence of the cyclodextrin efficacy on the structure of the maleimide dienophile indicates that binding of the hydrophobic *N*-substituent in the cyclodextrin cavity is necessary for achieving optimal rate accelerations.

The dependence of the rate enhancements on the structures of the dienophiles (and in particular on the size and hydrophobicity of the nitrogen substituent) was further probed by ^1^H NMR spectroscopy of the maleimide-cyclodextrin binary complexes. These studies revealed that all of the substituted maleimides (compounds **2a**--**2c**) demonstrated significant changes in the ^1^H NMR shifts of the maleimide alkene protons ([Table 1](#T1){ref-type="table"}), indicating strong binding to the cyclodextrin hosts (approximately 300 M^−1^ for compound **2a**, and 8 M^−1^ for compound **2c**).^[@R14]^ The changes in the protons' chemical shifts were directly proportional to the hydrophobicity of the nitrogen substituent, with the largest changes and the strongest binding observed for *N*-cyclohexylmaleimide (compound **2a**). Virtually no shift in the alkene protons was observed for maleimide **2d**, which lacks a hydrophobic *N*-substituent.

Analysis of the conversion efficiencies with different dienophiles reveals that the dienophiles that bound most strongly in the methyl-β-cyclodextrin cavity (as indicated by greatest changes in the ^1^H NMR chemical shifts) were also the most reactive ([Figure 3](#F3){ref-type="fig"}). This binding strength in turn depends largely on the hydrophobicity of the *N*-substituent of the maleimide, with compound **2a** demonstrating the greatest binding affinities and fastest reaction rate.

The proposed mechanism by which the cyclodextrin derivatives promote the Diels-Alder reaction of compounds **1** and **2** likely involves the binding of hydrophobic *N*-substituted maleimides **2** in the hydrophobic cyclodextrin cavity, with additional stabilization provided by hydrogen bonding between the cyclodextrin hydroxyl groups and the carbonyl groups of the maleimide ([Figure 4](#F4){ref-type="fig"}).

This additional binding withdraws electron density from the π-bond, activating the alkene for the resultant cycloaddition reaction. This effect was maximal for the binding of **2a** in methyl-β-cyclodextrin, due to the highly hydrophobic nature of the cyclohexyl substituent^[@R15]^ and the optimal size match between the cyclohexyl and the methyl-β-cyclodextrin cavity.^[@R16]^ A similar phenomenon has been reported by Ritter and co-workers, wherein cyclodextrin binding of *N*-substituted maleimides led to enhanced reactivity in free radical polymerization reactions.^[@R17]^ However, the mechanism by which such binding led to activation of the alkene bond in the *N*-substituted maleimides was not explicitly discussed.

Interestingly, methyl-β-cyclodextrin was significantly more efficient than β-cyclodextrin at promoting this Diels-Alder reaction, despite the fact that methyl-β-cyclodextrin and β-cyclodextrin have similar cavity dimensions. This trend is likely a result of the fact that methyl-β-cyclodextrin is both more flexible and has a more non-polar cavity than β-cyclodextrin, a fact that has been reported in the literature but has been rarely exploited in organic reactions.^[@R18]^

A closer look at the reaction conversions ([Figure 3](#F3){ref-type="fig"}) reveals that as the *N*-substituent decreases in bulk, the conversions obtained with γ-cyclodextrin approach those observed with methyl-β-cyclodextrin. For example, the difference between the conversions achieved with methyl-β-cyclodextrin compared to γ-cyclodextrin was 39% for substrate **2a**; this difference drops to 25% for substrate **2c** and to 4% in favor of γ-cyclodextrin for substrate **2d**. The less bulky substrates can form ternary complexes in γ-cyclodextrin, with both the diene and dienophile binding simultaneously in the cavity interior. γ-Cyclodextrin is known to form ternary complexes,^[@R19]^ and such ternary complexes have already been used in γ-cyclodextrin mediated dimerization reactions.^[@R20]^ This ternary complexation binding mode is distinct from the binding mode proposed in [Figure 4](#F4){ref-type="fig"}, which is expected to be the dominant mechanism for methyl-β-cyclodextrin binding of bulky *N*-substituents.

Interestingly, ^1^H NMR investigations of the binary complexes indicate that the binding of alkene **2a** in cyclodextrin leads to shifts in the alkene protons, with the magnitude of the shift greatest for binding in methyl-β-cyclodextrin ([Figure 5A](#F5){ref-type="fig"}). Binding of compound **1** in methyl-β-cyclodextrin led to increasing intensity in the signals of the aromatic protons as a result of the increased solubilization conferred through complex formation ([Figure 5B](#F5){ref-type="fig"}).

^1^H NMR analysis of the three component mixture (diene **1**, dienophile **2a**, and cyclodextrin host) indicated that binding of the diene led to a slight upfield shift in the ^1^H NMR spectrum of the dienophile compared to its binding in binary complexes (1:1 ratio of maleimide **2a** and diene **1**). The aromatic protons of compound **1** shifted downfield in the three component mixture (compared to their chemical shifts in a binary cyclodextrin:**1** complex) ([Figure 6](#F6){ref-type="fig"}). The ^1^H NMR peak shifts for the three component complexes can be explained based on the orbital interaction between the HOMO of diene **1** and the LUMO of dienophile **2a**.^[@R21]^ As the π-electron cloud of the electron rich diene redistributes along the electron deficient dienophile, the alkene protons get shielded whereas the aromatic protons get deshielded. Moreover, the magnitude of these chemical shifts depends on the concentration of the methyl-β-cyclodextrin, with a 30 mM cyclodextrin solution leading to more pronounced chemical shifts compared to a 5 mM cyclodextrin solution.

As a whole, the data reported herein suggests a supramolecular assembly of the type shown in [Figure 7](#F7){ref-type="fig"}, wherein a hydrophobically bound dienophile is linked by hydrogen bonding to the diene. The hydroxyl group in the diene **1** is believed to contribute to the solubility of the diene in the aqueous medium (an important criteria for the reaction, since unsubstituted anthracene failed to react under similar conditions).

Preliminary efforts to expand the scope of this cyclodextrin-mediated Diels-Alder reaction have demonstrated that other anthracene dienes and other maleimide dienophiles also participate in this reaction efficiently, including compounds **4** and **2e** ([Scheme 1](#F8){ref-type="fig"}). Compound **2e** is of particular interest, as both the maleimide **2e** and the product **6** are photophysically active, which provides a facile tool for tracking in complex environments. Moreover, the methyl-β-cyclodextrin promoted reaction of compounds **1** and **2a** ([Equation 1](#F9){ref-type="fig"}) proceeded in up to 60% yield when run in unpurified seawater (compared to 15% for the cyclodextrin-free reaction), which indicates the ability to run these Diels-Alder reactions in real world environments for environmental detoxification applications.

In summary, these experiments demonstrate the ability of methyl-β-cyclodextrin to catalyze the conversion of a PAH to non-planar hydrophobic adducts under mild reaction conditions. This rate enhancement is primarily due to the superior hydrophobic binding of methyl-β-cyclodextrin to hydrophobic substituents on the *N*-substituted maleimides, which in turn enhances the alkene reactivity. The resulting adducts **3** are both less planar and more hydrophobic than the starting PAH, which will help to mitigate toxicity by reducing the degree of PAH intercalation in the DNA as well as the mobility of the PAH adduct in highly polar biological environments. Current efforts are focused on expanding the scope of this Diels-Alder reaction to include other hydrophobically-substituted dienophiles and other aromatic dienes, as well as investigations of other cyclodextrin-promoted organic transformations. Results of these and other investigations will be reported in due course.
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![^1^H NMR peaks of protons (marked in red) integrated for the starting material **1** and product **3**.](nihms662824f1){#F1}

![Percent conversion of compounds **1** and **2** to product **3** in various cyclodextrins for (A) compound **2a**; (B) compound **2b**; (C) compound **2c**; (D) compound **2d**.](nihms662824f2){#F2}

![Graphical representation of the average conversion after 24 hours for various *N*-substituted maleimides in the presence of cyclodextrins.](nihms662824f3){#F3}

![Schematic illustration of how cyclodextrin complexation activates the dienophile through a combination of hydrophobic binding and electronic perturbation of the π-bond.](nihms662824f4){#F4}

![(A) Illustration of the chemical shifts for alkene protons of **2a** in binary cyclodextrin complexes (5 mM cyclodextrin); (B) Illustration of the increasing intensity of aromatic protons for compound **1** in the presence of increasing concentrations of methyl-β-cyclodextrin.](nihms662824f5){#F5}

![(A) Comparison of the ^1^H NMR shifts of the alkene protons in a three component mixture and in the **2a**:methyl-β-cyclodextrin binary complex; (B) Comparison of the 1H NMR shifts of the protons of compound **1** in a three component mixture and in the **1**:methyl-β-cyclodextrin binary complex.](nihms662824f6){#F6}

![The hypothesized supramolecular assembly involving HOMO and LUMO interactions between an uncomplexed **1** and cyclodextrin-complexed **2**.](nihms662824f7){#F7}

![Diels-Alder reactions of other dienes and dienophiles under analogous conditions.](nihms662824f8){#F8}

![Cyclodextrin-catalyzed aqueous Diels Alder reactions of 9-anthracenemethanol **1** with *N*-substituted maleimides **2**.](nihms662824f9){#F9}

###### 

Changes in the alkene proton chemical shifts in 5 mM cyclodextrin solutions[a](#TFN1){ref-type="table-fn"}

  Dienophile   α-CD    β-CD    Me-β-CD   γ-CD
  ------------ ------- ------- --------- -------
  **2a**       0.018   0.047   0.078     0.033
  **2b**       0.014   0.014   0.029     0.001
  **2c**       0.004   0.016   0.013     0.003
  **2d**       0.005   0.004   0.001     0.000

Δ ppm is defined as ∂(CD solution) − ∂(control)
